This paper mainly presents the numerical simulation on the long-term performance of a solar-assisted ground-source heat pump (SAGSHP) system for heating and cooling in a commercial building in cold areas of China. A simplified method of determining the optimal solar collector area of the SAGSHP system was proposed based on the yearly heat balance of the ground in the storage volume and the system economy. The verification of the system design is carried out by TRNSYS and a numerical simulation is performed for continuous operation of 10 years under the meteorological conditions of Dalian. Simulating results show that the underground load imbalance problem for a heating load dominated ground-source heat pump (GSHP) system is solved by soil recharging in the transition season, and the average temperature of ground in the storage volume keeps nearly unchanged at the end of every year.
Introduction
As an energy conservation and emission reduction technology, the ground-source heat pump (GSHP) system is widely applied to building heating and cooling in China [1] . Unfortunately, some GSHP systems in heatingdominated or cooling-dominated areas in China cannot achieve an ideal energy performance. The essential reason for the low energy performance of GSHP system is the imbalance of the yearly accumulative heating and cooling 
As an energy conservation and emission reduction technology, the ground-source heat pump (GSHP) system is widely applied to building heating and cooling in China [1] . Unfortunately, some GSHP systems in heatingdominated or cooling-dominated areas in China cannot achieve an ideal energy performance. The essential reason for the low energy performance of GSHP system is the imbalance of the yearly accumulative heating and cooling 2 Yongming Ji et al. / Procedia Engineering 00 (2017) loads of the buildings which directly leads to the heat extracted from the soil and rejected to it are not necessarily equal, i.e. the soil thermal imbalance. And further, the soil thermal imbalance gradually leads to the soil temperature increase or decline year after year, and eventually, results in the deterioration of the energy performance of GSHP system. To keep the GSHP system run at a high COP (coefficient of performance), the key point is to keep the thermal balance of the ground in the storage volume. As a result, the hybrid systems which combine the ground-source heat pump with auxiliary heating sources or alternative cooling sources were proposed to broaden the application of the GSHP system in heating-dominated or cooling-dominated areas. For the GSHP systems in heating-dominated areas, a makeup heat to the soil is essential [2] . The solar energy naturally becomes the preferred auxiliary heat source due to its renewable and clean characteristics. According to the above concept, the solar-assisted ground-source heat pump (SAGSHP) system is one of the appropriate ways to solve the soil thermal imbalance problem [3] .
The widely recognition of the SAGSHP system was after the energy crisis in 1980s though it was first proposed by Penrod in 1956 [4] . In the past ten years, both experiments and simulations were carried out to discuss the design procedures and guidelines, effect factors, thermal performances and economy of SAGSHP system around the world. And many theoretical researches concerning the optimization, applicability and performance evaluation of the SAGSHP system have been performed. Huang BJ and Lee CP [5] conducted a 5 year reliability test of an integral type solar assisted heat pump water heater, and the results show that the measured energy consumption is much less than the backup electric energy consumption of the conventional solar water heater. Chen et al.
[6] studied the detailed operating performance of a solar-assisted ground coupled heat pump system with heat storage for space heating and domestic hot water supply, and a numerical simulation is performed for continuous operation of 20 years under the meteorological conditions of Beijing by the TRNSYS. Simulating results show that the long term yearly average space heating efficiency is improved by 26.3% compared to a traditional ground coupled heat pump system, and the underground heat load imbalance problem for a heating load dominated GCHP is solved by soil recharging during non-heating periods. Yang et al. [7] discussed the influences of area of solar collector (10-30 m 2 ) and heat capacity of storage water tank on the operation performance of SAGCHP system by numerical simulation, and they observed that when the collector area was maximum, the heat pump produced heat with maximum COP. Wang and Qi [8] tested the performance of under-ground thermal storage system in a SAGCHP system for residential buildings. The results showed that the performance of underground thermal storage depends strongly on the intensity of solar radiation and the matching between the water tank volume and the area of solar collectors, and they suggested that the reasonable ratio between the tank volume and the area of solar collectors should be in the range of 20-40 L/m 2 . Verma and Murugesan [9] proposed a methodology to optimize the solar collector area and ground heat exchanger length for achieving higher COP of SAGSHP system using Taguchi method and utility concept, and the optimization of solar collector area and ground heat exchanger length by the utility concept has shown only about 2.3% reduction in area and 1.6% reduction in length respectively compared to those values optimized by the Taguchi method.
Literature reviews show that only a very few research works have investigated the optimization of solar collector area and the long-term performance of SAGSHP system needs more detailed and theoretical investigation. To the best knowledge of the authors no work has been published to find optimum collector area with the consideration of both the long-term performance and the economy of SAGCHP system. There is a strong need for the standardized design procedures of the SAGSHP system for the engineering application. This paper intends to develop a method that could quickly predict the optimal solar collector area of the SAGSHP system. In the follow sections, a simplified method of determining the optimal solar collector area of the SAGSHP system will be proposed based on the analysis of heat balance of the soil containing ground heat exchanger (GHE) and the system economy. The practicability of the proposed method will be verified by simulation of the long term performance of a SAGSHP system designed for space heating and air conditioning of a commercial building in cold areas of China.
METHODS
The SAGSHP system mainly consists of two parts, i.e. the solar collecting subsystem and the GSHP subsystem. The two subsystems were combined together through a storage tank and a heat exchanger as shown in Fig. 1 . Although the system could be modified for hot water production, space heating and cooling are the main concerns in
